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CHAPTER 1

1. Introduction

Different strategies are available to control the damper merntto regulate the flow of
outside air through commercial air handlers. These damper contatagsts are called
economizer strategies. The objective of an economizer strieigy select a damper
position that minimizes the load on the cooling coil. Some standatdotastrategies
have been suggested by ASHRAE (90.1-2007) which are available tasditferent
control parameters. ASHRAE also defines the climatic conditidreravan economizer
strategy can be used and where it can’t be used.

This chapter contains the brief description of economizer stestélgat are being used
traditionally and introduces the model based strategies thatharesubject of this
investigation.

1.1 Conventional Economizer Strategies

A schematic of a simple building management system is showkigure 1.1. The
building management system obtains the temperature and relative humiditygseaoim
the sensors located at outside air, return air and supply ait Begtending on the sensor
readings and economizer strategy used, the dampers at outsadd a@turn air inlets to

the mixing chamber are controlled.
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Figure 1.1: Schematic of use of economizer strategy to deter mine damper position

The building management system will likely have one of the follgweconomizer

strategy programmed into its logic.

1. No economizer strategy
Outside air damper is maintained at closed (or minimum) posifiba minimum
position dictated by ventilation requirements.

2. Differential dry bulb temperature control strategy
When the outside dry bulb temperature is lower than the supplgnapetrature, no
cooling is required and outside air flow rate is increased torotitai desired supply
temperature. When outside air dry bulb temperature is more tharupipdy sair
temperature but less than the temperature of the returhearthe position of the
damper is varied so as to close the recirculated air duct catypdetd bring in full
outside air. The disadvantage of controlling with this strategyhien the outside air
enthalpy is more than the return air enthalpy the cooling load arothecreases for

100% outdoor air. However, when the outdoor dry bulb temperature is morén¢han t



return air temperature then mixing is performed taking mininanmount of outside
air.

Differential enthalpy based control strategy

The difference in outdoor and return air enthalpy controls the outsitlevairate. To
estimate the enthalpy, wet bulb temperature or relative hunndégidition to the dry
bulb temperature is measured. The flow rate of the outside agtifo minimum
when the enthalpy of the outside air is more than the enthalpy of the return air.
Fixed enthalpy control strategy

The outside air flow rate is set to minimum if the estedagnthalpy of outside air
based on temperature and humidity measurements is more than maxatue of
outdoor enthalpy permissible.

Fixed dry bulb strategy

The outside air flow rate is set to minimum if the measurgdodib temperature of
outside air is more than maximum value of outdoor dry bulb temperature perenissibl
Dew point temperature and dry bulb temperature control strategy

In addition to the dry bulb temperature, dew point temperature ofntwming
outside air is compared against the allowed maximum dew point tetagerlf the
measured dew point temperature is more than the fixed dew paeipétature than
the outside air mass flow rate is set to minimum.

Electronic enthal py curve

This economizer strategy is governed by a curve on the psychrorokart that
passed through 6 and 40%. The curve as shown in Figure 1.3 is parallel to dry

bulb temperature line for lower humidity and enthalpy line for &idiumidity. If the



outdoor air parameters viz. outdoor air temperature and outdootativeehumidity

is more than that on the curve, the outside air mass flow rate is set to minimum.

Economizer strategies with their governing equations are represented iriTable

Table 1.1: Economizer strategies

Control Option Equation Description(Economizer Off when)

Fixed Dry Bulb T=TroB Outdoor air temperature exceeds some Fixed
dry bulb temperature

Differential Dry Bulb To>Tra Outdoor air temperature exceeds return|air
temperature

Differential Enthalpy be>hra Outdoor air Enthalpy exceeds return jair
enthalpy

Fixed Enthalpy h>hee Outdoor air Enthalpy exceeds some Fixed
Enthalpy

Electronic Enthalpy (JfRHoa)>A Outdoor air temperature/Relative humidity
exceeds A*

Dew Point and Dry Bulb) Tgpoa>Trop, Outdoor air dew point exceeds some fixed

Temperatures Toa>TroB dew point or Outdoor air temperature excegeds
some fixed dry bulb temparture.

Humidity Ratio

*Setpoint “A” corresponds to a curve on the Psychrometric chargtiest through a
point at approximately P& and 40% RH and is nearly parallel to Dry bulb lines at
low humidity and nearly parallel to enthalpy lines at high humidity levels
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15
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Figure 1.2: Psychrometric chart showing differential dry bulb and differential
enthalpy strategies



For better understanding all the economizer strategies are shawnthe help of
psychrometric charts in Figure 1.2 and Figure 1.3. All the poinidariie psychrometric
charts represent possible outdoor air conditions. Point P representseturn air
conditions. Decisions based on economizer strategies are shown in regions B, C, D, E and
F. Figure 1.2 shows the two conventional control strategies thatataes air conditions

as well to make a control decision for damper position. Outdoor airtaorliying in
region A have temperature less than the supply set point tempeitiiuse a proper
fraction of outdoor air is mixed to the return air to bring tligeanperature to supply set
point. The damper control decision based in this region is sam@dctese of any
economizer strategy. However, to avoid freezing of the coil, nimnoutdoor air is
mixed with return air when the temperature of outdoor air is tean a specified/
recommended low temperature limit. The vertical line passiraygh point P in Figure

1.2 represents the dry bulb temperature of return air. The anggecepresents the return

air enthalpy line. Differential dry bulb strategy would allow 100@tside air in region B

and E. Dampers would be adjusted to minimum outdoor air position in regiand D

for temperature based economizer. Differential enthalpy syrateguld allow 100%
outdoor air in regions B and C. Region D and E would represent minimum outdoor air for
enthalpy based economizer. It can easily be inferred thagiens C and E, both the

strategies would make different decisions.
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Figure 1.3: Psychrometric chart showing fixed dry bulb, fixed enthalpy, fixed dry
bulb and dew point and enthalpy curve

Figure 1.3 shows fixed dry bulb, fixed enthalpy and fixed dry bulb and mhant
economizer strategies. Region A is same as in Figure 1.2e4 @iy bulb control option
would choose 100% outdoor air in regions B, F, E and minimum outdoor ainomseg
and D. Dampers would allow 100% outdoor air for a fixed enthalpy cantrebions B,
C and F and the damper would be closed if outdoor air lies in tlerBgand E. Region
B represent the region when a fixed dew point and dry bulb economizergst will
open the damper. The enthalpy curve is also shown in Figure 1.3. Tiperdaould be
in fully open position for outdoor air conditions between the left of tireecand the
right boundary line separating region A. Minimum outdoor air wouldllogvad for rest

of the outdoor conditions on the right of the curve for this economizer strategy.



1.2 Applicability to climatic zones

Different economizer strategies are applied in differembatiic conditions to realize the
energy savings. All the economizer strategies should reduceutbele air intake to
minimum when no energy savings could be achieved by using outsidéigileads to

characterization of control options in different climatic zonesguré 1.4 shows the
distribution of climatic zones in USA. Table 1.2 represents themeteended ASHRAE

control strategies for different climatic zones in USA.

Marine (C)- Moist (A) 4

Brattlieboro -
Cincinnatti '\‘

Portland f
.,."l.,-— Columbus
!/

Eureka ¥

Tracy
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- n -~ Washington, D.C.

San Jose —
an Jose ~ Durham

‘Warm-Humid Below
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ilmington

¥y Jacksonville

1

Source:www.buildingscienceconsulting.com/designthatwork/images/elimanes.gif
Figure 1.4: Climatic zonesin USA



Table 1.2: Control strategiesrecommended by ASHRAE 90.1-2007 for different

climates
Climate Zones Allowed Control Options Prohibited Options
1b,2b,3b,3c,4b,4c,5b| Fixed Dry Bulb Fixed Enthalpy
5¢,6b,7,8 Differential Enthalpy

Differential Dry Bulb
Electronic Enthalpy
Dew Point and Dry Bulb Temperatures

la,2a,3a,4a Fixed Dry Bulb Differential Dry Bulb
Differential Enthalpy

Fixed Enthalpy

Electronic Enthalpy

Dew Point and Dry Bulb Temperatures

All Other Climates Fixed Dry Bulb

Fixed Enthalpy

Differential Enthalpy

Differential Dry Bulb

Electronic Enthalpy

Dew Point and Dry Bulb Temperatures

1.3 Model based economizer strategies
Model based economizer strategies use a HVAC system siomultdi estimate the
cooling coil load at different fractions of outdoor air. The damperipasg controlled in
a way to minimize the cooling load on the coil. The main purposeeoturrent study is
to evaluate potential energy savings of new model based stgmt&he second objective
is to evaluate the impact of economizer selection on systengnde3he study
accomplishes this by the following procedure:
1. Previous works are examined to identify what makes differemtoaaizer
strategies perform better in different climatic conditions.
2. The model based economizer strategy is developed and implemented in
EnergyPlus.
3. The EnergyPlus implementation is verified by comparing sinoulatesults

with previously reported work.




4. Annual cooling coil energy for the conventional and model basatetzer
strategies is compared for three benchmark buildings and fifeeatidns
representing all US climatic regions.

5. The impact of economizer strategy on cooling coil design is evaluated.

The thesis consists of 10 chapters, including introduction as chapteCbapter two
contains the literature review to recognize the previous effddse evaluating
economizer strategies. Chapter three describes the methodewgipmed for the new
model based economizer strategies. Chapter four discusses dleenantation of the
model based control strategies in EnergyPlus. Chapter five wighlthe verification of
economizer strategies as they are implemented in EnergyPhapteC six is a brief
introduction of the different types of buildings chosen for paramstudy and their
importance. Chapter seven discusses the results for annual coolingneay with
different economizer strategies for perfect and imperfectoserier the three building
types. Chapter eight then highlights the impact on design of equipment due to economizer
selection. Chapter nine is a summary of all the results andsgisc about them. Some
recommendations are made based on the analysis of economitsgiestréor designers
using simulation codes. The last chapter is the list of nefesefollowed by a set of

appendices.



CHAPTER 2

2. Literature Review

Temperature based and enthalpy based economy cycles are theconosion
economizer strategies. Several different researchers hadetdr compare the energy
savings associated with using these different economizergiiat@ different climatic
conditions.

Hittle and Johnson (1985) pointed out problems with humidity sensors wiialsed in
measuring humidity while using differential enthalpy economiatesyy. This makes it
difficult to rely on this strategy for the energy savings.oKand Pierce (1983)
demonstrated that a moderate sensor error can cause signifaaase in system energy
consumptions. Sometimes this increase would negate the effectinfsassociated
with using differential enthalpy cycle.

Spitler (1987) and others studied two buildings with differential ditip and differential
enthalpy cycle in five different locations. The results shovired differential enthalpy
provides extra energy savings than differential dry bulb almosteaty location ranging
from 10.2% to -0.44%. However, they presented an observation as shown en2Tabl
that enthalpy based economizer could still result in higher coologl@ad than
temperature based control. This is due to the increase in thblsam®ling load on the
coil when using 100% outdoor air with enthalpy based control. Although, itfousnsl

that the resulting relative humidity of supply air is high whemgisemperature based
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control. Thus, enthalpy based control would still have an advantage wheditgusni
also to be controlled. They also concluded that the energy savimgsext through use
of enthalpy based economizer is marginally higher than th@ingberature based control
in dry climates. But realizing these savings would not be pedctionsidering the
unreliability of humidity sensors, they recommended using temperafis®d economy
cycles in those climates. However, approximately 16% savingsol¢s@ed in Houston
but given the unpredictable nature of humidity sensors, it was recomdnesoig no

economizer in hot and humid climates unless the additional controls ceultbdd

effective.
Table 2.1: Comparison of economizer cycles

Return Air Outdoor Air
Dry Bulb Temperature(C) 27.2 29.4
Specific Humidity 0.00880 0.00510
Relative Humidity (%) 40 20
Enthalpy (kJ/kg) 67.8 60.9

Flow over Cooling coll

Differential Enthalpy Cycle Differential Dry Bulb
Fraction Outdoor air 1.0 0.2
Entering Conditions
Inlet Dry-Bulb (C) 29.4 27.6
Specific Humidity 0.00510 0.00806
Relative Humidity (%) 20 36
Enthalpy (kJ/kg) 60.9 66.4
Exit Conditions
Inlet Dry-Bulb (C) 15 15
Specific Humidity 0.00510 0.00806
Relative Humidity (%) 48 76
Enthalpy (kJ/kg) 46.2 53.9
Enthalpy Difference(kJ/kg) | 14.7 12.5

Wacker (1989) did an economizer savings study based on indoor comfortitewels
commercial building in six cities. He deduced through his sinaratthat differential

dry bulb would save some energy over differential enthalpy but hesegace comfort
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level. He concluded that differential enthalpy would give the mostrgy savings
without discomfort.

Khutoryanskiy and Margadant (1999) investigated another method of redbeihgad
and energy usage in a commercial building in San Francisco. fDoey that the
differences in the air temperature on the adjacent or oppadete af buildings can be as
much as 10-12 F during a day. This meant that air intake at onessid# the best
possible choice. They concluded that an economizer should also haveeatohbi side
of outdoor air intake. However, this work did not involve improving or compamg
economizer strategy.

Yiu(2000) found the effectiveness of enthalpy based economizer in huimiateclof
Hong Kong. He studied the use of differential enthalpy economizee aég urban,
suburban and rural place. He concluded that over 50% of time in wioteraizers
could be used for free or partial cooling. Engineers in Hong Kong didseoéconomizer
controls and feasibility of these controls were not evaluatedéoefbrough his practical
experiments, Yiu concluded that using an economizer would actualigripesffective in
climatic conditions like that of Hong Kong.

Budaiwi(2001) compared the energy usage under three climatic ioosdin Saudi
Arabia in a nine story office building . The three places chospresented hot-humid
summer and mild winter in Dhahran, moderate summer and wint&hamis Mushait
and hot-dry summer and cold winter in Tabuk. Cooling coil energy wasured with
and without the use of economizer. Two economizer strategies vizredifial dry bulb
and differential enthalpy were tested. He observed that there paential energy

savings using economizers in these climatic conditions. Highasgsavere achieved in
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hot dry summer and cold winter, moderate savings in moderate suanohevinter and
least savings in hot humid summer and mild winter. He also concludediffieaential
enthalpy had no advantage over differential dry bulb for high humidityrals. He also
stated that increasing the supply temperature could increase in the savings

All these studies have confirmed that economizers could potentsaly Ist of energy
when installed in a building system. Some studies have also dtatatlis not advisable
to use economizers in hot and humid climates (Spitler 1987). HoweWer, studies
have shown a little savings in that area (Budaiwi, 2001). Moreovéheastudies mainly
focused on comparing energy savings using temperature based angyeithsed
economizer strategies. Temperature based strategies was turave advantage in
some areas and enthalpy based in others.

In search of a new economizer modeling strategy that could deuanser any climatic
conditions, Seem and House (2009) proposed new control strategies forliogn&iol
economizers. The new economizer strategies are called as baseel strategies as they
use a model for estimation of cooling load on the cooling coil and adjuste outside
air dampers in a way to have minimum cooling coil load. They usggasb cooling coil
model for cooling load calculation considering a constant air volumersysising
MATLAB as simulation platform. The coil model is an approximatof actual system
coil model assuming coil to be completely dry or completely Wéie return air
conditions and supply air temperature were assumed to be fixed aedtthg was done
over 15 different cities across US. Sensor errors were @igiemented to evaluate the
sensitivity of peak loads and cooling coil energy. A similar epgh is adapted to

implement the new modeling strategies in EnergyPlus. One ofmjbartant things is to
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eliminate the assumptions of Seem and House (2009) study and mépesséts for real
building simulations. The coming chapters describe the development plesnemtation
of model based strategies in EnergyPlus.

The next chapter explains the methodology used to develop the new meddl ba
economizer strategies. Chapter 4 explains the implementation aghebi®dology in
EnergyPlus. The chapter also describes the two different coil mmadet to calculate
cooling coil loads and strikes the difference between the two agme®aChapter 5 deals
with evaluation of the economizer strategies and verifies ¢balts obtained. Sensor
errors and their affect on control decision and thus the effect olgyesavings are
followed up in another discussion. A parametric study is done witke tdifferent
building types for various locations across US. The building tyresexplained in
chapter 6. The savings in cooling coil energy are comparedifferent economizer
strategies in chapter 7 while the impact on design based on annua&opéag loads is

discussed in chapter 8.
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CHAPTER 3

3. Developing M odel Based Economizer Strategies

The new economizer strategies are called model based econetrategies as they use

a coil model to estimate the load on the cooling coil and thus camgrdéie outside air
and return air dampers to minimize the cooling load. As preséyt&kem and House
(2009), Figure 3.1 shows the psychrometric chart divided into rediased on the
mechanical cooling load. Region A or the white colored portion septe outdoor air
conditions that could provide free cooling. The light grey portion reptegbe region
where 100% outdoor air would give minimum cooling load and dark grey portion
represents portion where minimum outdoor air would give minimum coolirty Raint

P represents the return air conditions.

100%s outside air
A
Free Cooling

0 5 10 15 20 25 30 35 40

Figure 3.1: Psychrometric chart showing ideal outside flow raterequired to
minimize cooling coil load (Seem and House, 2009)
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The lines passing through point P represent the ideal transities. IRegion E is
bounded by constant dry bulb temperature line and saturation line. The outdoas a
high moisture content in this region thus bringing excessive outdowroaid increase
the latent load on the cooling coil. In this region differentigl bulb would use 100%
outdoor air in this region and thus would waste a lot of energy.

Region F is bounded by return air enthalpy line and the bottom of tlolrpsetric
chart. The outdoor air is warmer and drier than the return airhUimédity of outdoor air
for most of the part of region F is low enough so that no condensats tor the coil.
However, moving more right in region F would increase the sensiblengaail energy.
Differential enthalpy in such a case would use 100% outdoor air thadtwncrease the
cooling load on the caoil.

On the upper left corner of region F, in region D, 100% outdoor air wouldaserthe
sensible load on the cooling coil but it reduces the latent lgachdre than that. A
differential dry bulb control would use minimum outdoor air in thaecand thus would
result in increase in cooling coil energy, but a differentiah&pl control would
correctly select 100% outside air.

In region C, outdoor air has slightly higher temperature thaarrretir. As the
temperature of both the air streams is almost the same,ntiperegture of mixed air is
approximately constant regardless of the amount of outdoor air flewDdterential dry
bulb would select minimum outside air in this case which would ntestrttie mixed air
would have slightly higher humidity and thus slightly higher enthalpytent. As the

temperature of mixed air is same, the increase in its @ytlveduld mean increase in
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sensible cooling energy required for cooling. Thus, the correct choice would beateope
with 100% outdoor air.

As shown, both differential temperature and differential enthatmnomizer strategies
make bad decisions in different regions of the psychrometric chitbdel based
strategies are developed to avoid these bad decisions. Thesgietraise the cooling
load on the cooling coil as the controlling factor for damper positictherahan just
comparing outdoor and return air conditions.

3.1 Model Based Control Strategies

As stated earlier that model based control strategies aesl lmn adjusting the damper
position at outdoor air intake so as to reduce the mechanical coadjuged. The model
based controls are classified in two types based on damper pasitiacoil model used
for damper control.

Classification based on outside air damper position:

1. Two position: The outside air damper is controlled to allow eitherimum
outside air with damper being closed (minimum position) or 100% outdoor air
with fully open damper.

2. Optimal position: The outside air damper can be controlled to haveamper
position between closed and fully open to allow the respectivednaat outdoor
air to realize more energy savings associated with other dgopgions than at
minimum and maximum positions.

Classification based on coil models for damper control:

1. Bypass coil model: This is a simple cooling coil model that asswarfraction of

air bypasses the cooling coil and the remaining fraction comesnitaat with

coil. The coil is either considered dry or fully wet.
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2. Detailed coil model: This cooling coil model does not assume gpgdsed air

and actually determines if the colil is dry, wet or partially wet.

3.1.1 Two position model based control strategy

The cooling loads on the coil are calculated for two positions of dawnmpeiully open

and closed conditions. The mixed air is obtained in such a way tltaeit lkeas minimum

fraction of outdoor air or is 100% outdoor air. The cooling loads are obtamebe

cooling coil using the mixed air conditions as the air side inlet conditions.

Inputs
Cutside air conditions
Return air conditions

Calculate
Mixed air Conditions

Yes

Load Calculation

!

SN
v ~
y \‘

4< f= fmin />
\// P
Y

Load Calculation

Q=F(f) Q=F(f)
h 4 ¥
Q=Q /ﬁ Q=Q
/ \

Yes < Q> Q, )\,_No
~. 7
h 4
f=f may f=f min

Figure 3.2: Flow chart for two position model based economizer strategy
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The cooling loads are obtained for both the mixed air conditions. The cdo#idg on

the coil are then compared against each other. A decision istmadatrol the damper
position at minimum or 100% outdoor air depending upon which load is less. The process
is represented in Figure 3.2.

3.1.2 Optimal position model based control strategy

The optimal position model based control strategy for economizers allows theatimdul

of damper position between the closed and fully open position. FigurepBe3eats the
algorithm for this. The algorithm follows an optimization routine thaés a golden
section search method to determine the fraction between minimum axignum

possible that would give the least cooling load on coil based orrgglection method.

The golden section number tau is given‘/—%zt_s1 or 0.618 approximately. The fractions

are then used to calculate the mixed air conditions and theoatieoh the cooling coil.
The loads are then compared to determine the minimum of two. The oéifractions is
continuously reduced following an iterative procedure towards #widn giving the
least load. When the range becomes less than a very small ndimebeptimization is
assumed to be complete and the damper position at outside aisialdjusted to the

converged outside air fraction.
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Figure 3.3: Flow chart for optimal position model based economizer strategy
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The methodology is straightforward but requires understanding ob@ir dnd system
components to practically realize them in EnergyPlus. The nexteshdiscusses the
implementation of these strategies in EnergyPlus along witbatieentional economizer
strategies already present. A description of both detailed ygabé coil models is also

given.
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CHAPTER 4

4. Implementing M odel Based Economizer Strategiesin EnergyPlus

Conventional economizer strategies control the damper position badegel cmiparison
of outside air and return air conditions. However, in model based conthas,
determination of damper position is based on load calculation on coilifferent

fractions of outside air. To implement these strategies in KR&rg, it becomes
necessary to understand the system setup.

4.1 System Description

The arrangement of the air loop could be of two types depending upmogiten of
fan. A draw through system is shown in Figure 4.1 or a blow threygtem which is

shown in Figure 4.2 .
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Figure4.1: Draw through system
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Figure 4.2: Blow through system
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Outside air dampers are controlled by an economizer strategymiding of outdoor air
and return air takes place in the mixing box. In a simulation, itfeakpy and humidity
ratio are calculated based on the fractions of outdoor air and turfiemperature of

mixed air is then calculated using the psychrometric functions.

Wma = fWoq + (1 — flwp, (4.1)

hma = fhoa + (1 = f)hsq (4.2)

To account for heat added by fan and thus the increase in teunpeybair across it, it is
important in a simulation to determine the coil leaving air teatpee (T.). The cooling
coil entering air temperature &) also depends on the fan arrangement.

For a draw through fan arrangement:

Teiat = Tser — (Tfo - Tfi) v Teeat = Tina 4.3)
and for a blow through fan arrangement:

Teiat = Tset » Teear = Tfo (4.4)

To take care of this increase in temperature due to fan heamtr@lled mixed set point
temperature (Js) is calculated in the simulation. This is always given as :

Tnst = Tset = (Tro — Ti) (4.5)
Calculation of this is important as it determines the conditiohenwfree cooling is
possible. If the cooling coil has enough capacity then supply air tatope(TE,) should
always be equal to set point temperaturg)(T

4.2 Implementing conventional strategiesin EnergyPlus

EnergyPlus is a simulation program that models heating, codigiding, ventilating,
energy and water flow in a building system. Figure 4.3 presamt®varview of

EnergyPlus.
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The whole simulation is controlled by a simulation manager indyfdus. Energy and
mass balances equations are combined with steady state compaadetd. iVhen the
zone air system is modeled, there arise one or more algéwp& due to the equations.
EnergyPlus decouples the zone calculations from air system equafions air
conditions are predicted and kept constant throughout the system simulagosystem
simulation results are then used to correct the predicted zones.va@his is done till a
system convergence is reached.

The air loop equipment is simulated in the order they are connecézath other. The air
loop consists of outside air controller connected with the coilsi(@pahd heating) and
fans. The air is then distributed to individual zones through supply dibwg¢scooling
coils and heating coils are controlled by a simple controllechwhontrols the flow of
water through these coils iteratively to bring air temperagqeal to the controlled
temperature. The nodes are updated and the simulation continues. Theicpalvent
economizer strategies are present in outside air controller.d&hger position is
calculated using these economizer strategies and is then asmdctilate mixed air
conditions.

4.2.1 Calculation of Damper position

The first step in air loop simulation is calculation of damper tpwsi Conventional
economizer strategies are placed in outside air controllerdiotradling the damper
positions as shown in Figure 4.4. If no economizer is used then the dampdralways
be at closed (minimum) position. Except for no economizer, every otosomizer
strategy should provide free cooling whenever it's possible. Itanamizer is used and

the outside air temperature is more than the mixed set tataperthe fraction of outside
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air is first set to 1 and then the economizer strategieshmeked to determine if any of

those sets the fraction to minimum.
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The simulation in EnergyPlus is setup in such a way that it séesh several strategies
can be checked in a single run as shown in Figure 4.4. Howevgrooaleconomizer
strategy could be given as input and thus only one strategy wouldtibe for the
simulation. The conventional economizer control strategies would tlesdtaction of
outside air to minimum if they are found true as shown in Figure 4de¥ample, a
differential dry bulb strategy would reset the fraction of outdaort@a minimum if
outside air temperature is more than the return air temperaftee the control decision
has been made, the signal is transferred to the damper and ther daagjusted to the
closed (minimum outdoor air) or open position (100% outside air) position.nDiege
on damper position, the outside and recirculated air flow rates are calculated.

4.3 Implementing Model Based Strategiesin EnergyPlus

Model based controls were implemented in two ways in EnergyPlusidiageupon the
type of coil model that was used. The detailed coil basetégyraises the system coil
model in EnergyPlus to determine the cooling load and thus control tifgedg@osition.
The bypass coil based strategy uses the new bypass coil thatdelas implemented in
the controller to control the damper position. However, after a contcdide has been
made using the bypass coil model, the system (detailed) coil nsodetd for the actual
load calculation. For simulation and modeling purposes, a bypasshaoddl saves a lot
of computation time. Moreover, it is more practical to implenteatbypass coil model
in the controller since it requires fewer inputs and uses singbgrithm than the
detailed coil model. The coil models and their implementation in ER&rg are

discussed in coming sections.
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4.3.1 Implementing the bypass coil model

The bypass coil model is placed in outside air controller itself as shownureHic.

Outside air controller

Get OA and BA conditions
Set minimum and maximum fractions for OA

v

I)se fractions to calculate mixed air condtions

r

Use Bypass Coil Model for Cooling load
calculations

L d
Use the respective model control {Two
position / Optimal Position) to get damper
position

k4

Calculate Mixec air conditions

l

Simulate other air loop equipments
(Fan/ Cails)

Figure 4.5: Bypass coil controlled model

The bypass cooling coil model is based on contact mixture an@agsier et. al, 1937).
The assumption here is that some fraction of the air that ehteroling coil does not
come in contact with the coil and is therefore considered as$&ggas shown in Figure
4.7. The remaining fraction comes in contact with the cooling coil.bipassed air for
that reason is considered to leave the coil with the enteringoaditions. The other
assumption is that the coil always has enough capacity tevacttie contact air leaving
temperature () necessary to meet the mixed set point temperatysg).(Thus, the
fraction of air that comes in contact with coil is considetedbe cooled to the
temperature that when it is adiabatically mixed with bypassr would result in air at

the mixed set point temperature. Consider a draw through fan: raixethtained from
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the mixing chamber would serve as inlet air to the cooling Ealure 4.6 represent the
schematic of the simulation system arrangement in EnergyPiesbylpass coil model is
used to make a decision based on the minimum cooling load as @alchiathe coil
model in the controller. Once the control decision is made, the damgopasset, and
the system is simulated using the detailed system coil model.
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Figure 4.6: Schematic of air loop with bypass coil model used for control decision
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Figure 4.7: Schematic of bypass cooling coil model
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One important difference between the detailed coil model and thes®yil model is
how they determine whether the coil is wet or dry. The bypagsmodel makes the
determination by calculating a transition temperature. The ttamgemperature is the
coil leaving air temperature at which the coil surface treomst from dry to wet.
However, there is no condensation at this temperature. Now, éf hao condensation,
the leaving air temperature should be the transition temperatsimple energy balance
is applied on the air and water vapor entering and leaving thetwalume as shown in
Figure 4.7 to obtain transition temperature. If the bypass fraction is gwb then,

Tiq = bTypg + (1 — b)Ty, (4.6)
T, is the leaving air temperature of the part of air that comesmntact with cooling coil
If the coil is in transition or wet, the air that comes amtact with coil is saturated and
the temperature of the contact air is equal to the dew point temperftioeeadr entering
the coil. Therefore, the transition temperature can also be written as:

Tta = bTing + (1 — b)Tapma 4.7)
The mixed set point temperature which should be the actual leavitgmperature is
then compared with the transition temperature. The coil is condideyeif mixed set
point temperature is more than the transition temperature andf it less. The
calculation of transition temperature thus depends on the value afsdyfactor.
Depending upon how much air is considered as bypassed, the exit condititres
contact air changes and thus the calculation of humidity ratio of the supphaages.

The leaving air temperature for the contact air is given by:
Tmst_bTma
Ty, = =—m¢ (4.8)

1-b

If the coil is dry then the humidity ratio of supply air is same as that of mixed ai
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Wsq = Wma (4.9)

But if the coil is wet then the contact air is considered tedbarated with 100% relative
humidity and the humidity ratio of leaving air that comes in cantéity cooling coil is
calculated likewise. The humidity ratio of supply air is thafcdated using Equation
4.10.

Wsq = b * Wpg + (1 —D)wy, (4.10)

The enthalpy of the leaving aing(,) is then calculated using the mixed set temperature
and supply air humidity ratio.

The load on the cooling coll is then calculated as

Qcoil — h

2ol = g = heta = (@ma = Wsa)huy (4.11)
The cooling loads are calculated based on different fractions of ousito@and the
modeling strategy is used to determine the fraction of outdoor air thattigevé=ast load.
4.3.2 Implementing the detailed coil model

The detailed coil model is essentially the system coil maddtnergyPlus used for
calculating actual load on the cooling coil. Since, this model regjlots of input data
which are not available at controller level, the model was condrfiiten a higher level
than outside air controller. The fraction of outdoor air is found ugiegmodel based
strategy in air loop controller. The fraction is passed to outsidmiatroller and air loop
simulation is done to find the load on the coil. This process is perdoreratively until
an optimum fraction of outdoor is found which gives the least load omgoabil. This
optimum fraction is used again for a full air loop simulation and upglatodes. The

schematic of simulation of system simulation arrangement is shoWwigure 4.8. The

system flow is shown in Figure 4.9
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Figure 4.8: Schematic of air loop with system coil model used for control decision

cooling coil model (1977). The coll is considered fully dry if theewanlet temperature
is more than the entering air dew point temperature to the bailvase it is assumed as

completely wet. The assumption lets the model determine sueiageerature of the coil
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at the air inlet assuming that the coil is fully wet. The teiepee of coil surface at air
inlet is compared against the entering air dew point temperagiaia. If the entering air
dew point temperature is more than coil surface temperaturethieeassumption of
considering coil as completely wet holds true. However, if ergedm dew point
temperature is less than the coil surface temperatureeat hén the assumption of a
completely wet coil is contradicted. The cooling coil model is1thensidered to be

partially wet. The fraction of the coil that is wet is calculated usingtemu4.12.

Acoll — (po,ma_Twi) (4.12)

Two—Twi
The remaining fraction of the cooling coil is considered to be di ia simulated
considering that part as a dry coil. Exiting air conditionsoétained for the dry part of
the coil. These exiting conditions are considering as entering mrslfor the other part
of the coil which is considered as fully wet. Thus, the reshefdoil is simulated as
completely wet coil. The loads obtained from the dry part of theacwilthe wet part of
the coil are added together to give total coil load in this case.

Some of the important equations that are used to calculate thedibtimad are given
here:

The capacitance of the air is given by

Cqa=mg*Cpy (4.13)
where(, , is the constant pressure specific heat of dry air.

The capacitance of water is given by

Cow =My * Cpy (4.14)

where C, ,, is the constant pressure specific heat of water.
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The cooling coil model uses Effectiveness-NTNTU) method for calculation of total
load on coil and the exit conditions of air and water.

The coil surface area, flow area and coefficient of heaistea are the inputs to the
model. Other inputs are the entering air and water conditions. Nwhbvansfer units is

calculated using the overall heat transfer coefficient and tile@ans with minimum

capacity.
NTU = 22 (4.15)
whereC,,;, = Min(C,, C,,), is the minimum capacity. (4.16)

Effectiveness g) of the cooling colil is then calculated using NTU and ratio afasir
capacities (Kays et.al 1964). The maximum heat transfer isopps®m the stream that
has the minimum capacity. Thus, the maximum heat transfer is calculated as:

Qmax = Cmin * (Rg,in — hw,in) (4.17)

Exiting enthalpies of the air stream and water strearal@ilated using the effectiveness

of the coil.
EQmax

ha,out = ha,in - Ca (4-18)
€Qmax

hw,out = hw,in + Cow (4-19)

If the coil is considered wet then temperature of air atthlesurface is calculated. This
temperature is compared to dew point temperature again. If threrfos greater than
later, then coil is considered partially wet and the exit cadtiof air and water are
calculated again.

The total load on the coil is calculated as

Qcoit = Mg * (ha,in - ha,out) (4-20)
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The use of detailed coil controller model takes a lot of computdtioe and is
practically very difficult to implement in a real controller.

The next chapter involves the evaluation and verification of the convenéindahodel
based strategies. The verification is done using the results abfeone Seem and House

(2009).
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CHAPTER 5

5. Model Evaluation and Verification

This chapter describes the evaluation tests and verificatists @ conventional
economizer and the new model based economizer strategies igyEius. Model
evaluation means that these strategies are making thsiotegvhat they should be
making according to the specified protocol. The verificationstésive been done by
comparing the EnergyPlus results with MATLAB results obtained Various
economizer strategies. The results from MATLAB are obtain@h the bypass mixture
model explained earlier. The model in MATLAB was developed by SaedhnHouse
(2009).

The economizer strategies are simulated for a large diftidding model which is used
as the input file. Seven different US locations are used for ceftidh purposes. The
outside air conditions are obtained from the weather files. Thenratutemperature is
fixed at 28C and the humidity ratio of return air is obtained by adding a aon6t0015
to the supply air humidity ratio. The supply air temperature edfiat 18C. The inlet
temperature of water to the cooling coil is fixed at®7Figure 5.1 shows the schematic

of simulation setup in EnergyPlus considering a draw through af@angement.
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Figure5.1: Schematic of ssmulation setup in EnergyPlus

The cooling coil is a cross flow heat exchanger and has enoughtgapameet the
cooling coil loads throughout the year. The minimum position of damperspannds to
fraction of outdoor air of 0.2. The system is simulated in EnergyRitlis1 hour time
steps.

Seven different economizer strategies are used for dampeolcohbre strategies are no
economizer, differential enthalpy, differential dry bulb, two positbypass coil model,
optimal position bypass coil model, two position detailed coil maadilagtimal position
detailed coil model based control strategy.

Hourly averaged output variables are reported for verification. Apjatepoutputs are
chosen to represent the strategies in the graphs in next sedierouiput variables
include outside air temperature, outside air enthalpy, returarapdrature, and return air
enthalpy, damper position, and total coil load at minimum fraction, mani fraction
and optimum fraction of outside air. Cumulative cooling coil energtss reported for

comparison with the Seem and House (2009) results.
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5.1 Model Evaluation

For performing the evaluation of conventional and model based economéaeqists,
two different days were chosen in a year to represent the cdetnsions made by these
strategies for one of the cities (Phoenix). The first day is@d #which is late spring and
early summer and the second is 19 June which represent typical summer day in.Phoenix
The results are plotted for 24 hours of these days with primaiisyrapresenting
temperature, enthalpy or cooling load scale. The secondary yegxesents the damper
position. All the variables plotted on y axis are averaged hourly outpatsEnergyPlus.
It is understood that all strategies except optimal position basettd choose either
minimum or maximum fraction but since the outputs are averagedigitt represent
some values between 0.2 and 1. This is due to the fact that Energgield reduce the
system time step to less than an hour for convergence and makendiffentrol decision
within those time steps. However, the outputs are reported hourly andréhaseraged.
The damper is considered closed at minimum fraction (0.2) and fully apeutside air
fraction of 1.0. It is also important to understand that the retursoaiditions except
return air temperature may vary in different economizeregms as per the control
decision made by it.

Some of the damper positions as shown in the Figure 5.5 and FiguegeSdifferent
from the two control decisions possible being just open or closed. Howeaatuality
the damper position is controlled to either the closed position (mininourthe fully
open position. The intermediate points shown in the plot are due to tlagiageof the
short time steps results reported by EnergyPlus. As pointed apligtr e the outputs

represented here are the averaged value for an hour.
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Some of the results are expressed in coming sections for different econdraiegjies.
5.1.1 No economizer
With no economizer strategy, the damper is always closed to ailoimum outside air

as shown in Figure 5.2.
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Figure 5.2: Damper always closed with no economizer

5.1.2 Differential dry bulb

Figure 5.3 shows that differential dry bulb control option would open thelawhen
outside air temperature is less than the return air temperatweedamper would be at
closed (minimum fraction) position when outdoor air temperatutegiser. Figure 5.4

illustrates the same for 19 June.
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5.1.3 Differential enthalpy
Figure 5.5 and Figure 5.6 show the control decisions for damper position when
differential enthalpy economizer is used. The damper is fulgnoghen outdoor air

enthalpy is less than the return air enthalpy and is closed when the easggs.r
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Figure5.5: Damper position with differential enthalpy control strategy for April 18
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Figure 5.6 : Damper position with differential enthalpy control strategy for June 19
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5.1.4 Two position detailed coil model based strategy

Instead of making a control decision based on temperature and entbélpigdoor and

return air, the Two position detailed coil model based control shouldtatjogper to

position that requires minimum mechanical cooling.

The coil load is calculated using detailed cooling coil model exgdain the earlier

section. Figure 5.7 and Figure 5.8 show the control decision made by this strategy.
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Figure5.7: Damper positions based on two position detailed coil model based

control strategy for April 18

Cooling loads are shown on the primary y-axis while the damper gosstishown on

secondary y-axis. Figure 5.7 and Figure 5.8 show that the strali®gys chooses the

fraction of outdoor air that gives the minimum load on the cooling coil.
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Figure 5.8: Damper positions based on two position detailed coil model based
control strategy for June 19

5.1.5 Optimal position detailed coil model based strategy

Optimal position based control strategy works on the same priraspiiee two position
based control strategy. However, the entire damper positionsdretd@sed (minimum)
and fully open are available for a control decision. Optimal basattat uses a one-
dimensional optimization routine to calculate the outdoor air fratkiahminimizes the
load on the cooling coil. The fraction of outdoor air at which the loati@cooling coil
is least is chosen as a control decision. Figure 5.9 and Figure HawOtlse control

decision made using the optimal position control strategy.
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Figure 5.9: Damper position based on optimal position detailed coil model based

control strategy for April 18

Table 5.1 shows the values of loads at minimum fraction, maximactidn and

optimum fraction of outside air for #2and 2% hour on 18 April (Figure 5.9) and %

and 8" hour on 18 June (Figure 5.10).

Table5.1: Comparison of cooling coil loadsfor different fractions of outside air

Day and Time Load at Min frac(kW) Load at Max frac(kW) Load at Opt Kr&@(
18" Apr ,22:00 3110.13 3333.7 3098.14
18" Apr ,23:00 3065.3 3188.17 3041.7

19" June , 4:00 3228.2 3339.2 3168.12
19" June , 5:00 3088.5 3069.4 3009.4
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The damper position is adjusted for the calculated optimum frackoom Figure 5.7, its
evident that if a two position based control strategy was usedatimper would have
been closed during the ®2and 2% hours on April 18 as load at minimum fraction of
outdoor air is less than the load at 100% outdoor air. However, anabpibsition based
control strategy sets the damper at a position that givesdetag load than that given

by closed damper position.
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Figure 5.10: Damper position based on optimal position detailed coil model based
control strategy for June 19

It is interesting to note that the savings obtained with optimatipogased control is
observed when outdoor air temperature is slightly warmer than raitutemperature.
The outdoor air is also drier than return air at these pointard-ty11 and Figure 5.12
represent the inferred information from previous statement.

Primary y-axis represents the load on the cooling coils on theyhmasis and secondary

y-axis represents the temperature of outdoor and return air.
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For verifying that there is indeed savings associated with mioaleéd economizer
strategies, loads on the cooling coil are compared for conventionalledaied coil
controlled model based strategies. The outdoor and return air conditenspresented
in Figure 5.13. The return air conditions are approximately déineesfor every control
strategy during this hour. Table 5.2 represents the comparison ofdbtaised for %

hour of 19" June for conventional and model based strategy.
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Figure5.13: Psychrometric chart showing outdoor and return air conditions for 5"
hour on 19" June

Table5.2: Comparison of loads on cooling coil for a single hour on 19" June

Economizer Strategy Damper Position | Load on cooling coil(KJ/kg)
No Economizer 0.2 13.65

Differential Dry Bulb 0.2 13.65

Differential Enthalpy 1 12.77

Two position detailed coil model 1 12.77

Optimal position detailed coil model 0.494 12.5
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5.1.6 Two position bypass coil model based strategy

The strategy also works on the same principle of other model baatrbies discussed
earlier. However, it uses bypass coil model instead of thdetktzoil model to estimate
the coil load that is used to make control decisions. The detaldthg coil model is

then used to calculate the actual load on the cooling coil usingtiwicdecision made.
The simulation is done using the bypass factor of 0.15 for the $godsmodel used in

the controller.
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Figure 5.14: Damper position based on two position bypass coil model based control
strategy for June 19

Figure 5.14 and Figure 5.15 represent the control decision made bydte based
strategy based on minimum load calculation. It can be seen ineFgls that during
hours £ to 13", an enthalpy based economizer would keep damper fully open since
outdoor air enthalpy is lower than return air enthalpy. Howevemodel based
economizer closes the damper for minimum load on the coil. As pobnitedarlier in
chapter three, even if outside air enthalpy is lower than retuenthalpy, using 100%

outdoor air may increase the sensible load on the coil. If thekelaent load (or a very
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small latent load), increase in sensible load imitrease the total coil loaFigure 5.15
depicts the same thin@00% outdoor air increases the sensible load oraleavhile a

minimum fraction of outdoor gives a lower load te toil.
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Figure 5.15: Damper position based on two position bypass coil model based control
strategy for June 19

5.1.7 Optimal position bypass coil model based strategy
This modeling strategyuses the simplified bypassoil model in the controller t
determine theoptimum outdoor air fraction to minimize the load on theolxag coil.

Figure 5.16 showthe danper position for variation in temperature oday.
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Figure 5.16: Damper position for optimal position bypass coil model based contr ol
strategy for June 19
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As stated earlier the optimal position model based stratefpuad to have least cooling
loads at outside air being warmer than return air. It carebe & Figure 5.16 that the
damper position is different from two extreme positions during hdtite 3" .

5.2 Verification of simulation results

For verification purposes, the results obtained from EnergyPlusoarpared with Seem
and House (2009) simulation results. Annual simulation is done on seveerdiftédres
chosen to obtain cumulative cooling coil energy for an annual run and anrakal pe
cooling coil load. The output from EnergyPlus is in Joules, thissabmnverted to KJ/kg
of dry air for direct comparison with results reported by Seem and House (2009).
Table 5.3 shows the annual cooling coil energy consumption for 7 USA olsati
obtained from EnergyPlus. As expected, optimal position model baséehsts perform
best for all cities except Houston. For Houston, two position modsddbatrategies
performs slightly better than optimal position model based strategies.

Table 5.3: Cumulative cooling coil energy for seven US locations using seven
different economizer strategies

EnergyPlus Results Cumulative Annual Cooling Coil Energy (KJ/kg of daiy
Economizer Strategy | Phoenix | Chicago | Charlotte | Houston | Los Angeles| Newyork | Albuquerque
No Economizer 122947.3| 101031.8 1197834  140427.1 1209264 108410 98597.6
Differential Dry Bulb 87997.4 | 47306.2 78353.5 1219209 57111.2 57691.4 00611
)

Differential Enthalpy 88786.2 | 44199.1 70285.5 1070192 56548. 51292.4 17011

Two position bypass

87630.4 44152.7 70238.7] 107034.9 56468.6 51294.5 40992.4
model based

Optimal position bypass| g cqe 5 | 441512  70239.0 1070382 | 56468.2 51294.7 40992.2

model based

Two position detailed | o757 5 | 441338 702006 1060975 | 564564 | 51264.0 40702.9
model based

Optimal position detailed ;1> o | 441312 702006 1069996 | 564533 | 51262.1 40667.3
model based

Air Mass flow rate(kg/s)| 240.4 | 2156 215.7 203.1 2065 216.3 190.1

Two factors may contribute to this scenario. First, the optimalalostrategy optimizes

the control decision only for the current time step. Optimization avenger time period
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could change the results. Second, the model based strategiesnresgtdtrent return air
conditions which in turn result in different cooling coil loads. Tofyethat this is only
due to the difference in return air humidity ratio, humidity and enghapnodel test is
performed with the same outdoor and return air conditions for Housteas lfound that
the optimal position model based control saved almost 4KJ/kg over anl gremioal

simulation than two position model based control. Thus, under all idengitah air

conditions, optimal position model control would show higher energy sathagsany
other economizer strategies.

5.2.1 Comparison of smulation resultswith Seem and House (2009)

Table 5.4 shows Seem and House (2009) simulation results for coolingneody.

These results are obtained using MATLAB and bypass cooling amilelmexplained
earlier. The return air temperature and supply air temperestdreed and the humidity
ratio of return air is determined by addition of constant (0.0015hé¢osupply air
humidity ratio. The bypass factor used for simulation by Seem and House is 0.15.

Table5.4: Seem and House (2009) simulation resultsfor cooling coil energy with five
economizer strategiesfor seven USlocations

MATLAB Results Cumulative Annual Cooling Coil Energy (KJ/kg of dair)

Economizer Strategy| Phoenix| Chicago| Charlotte | Houston| Los Angeles| New York | Albuquerque
No Economizer 121227 99119 117827 139472 120,327 106,958 96149
Differential Dry Bulb 86994 46236 76775 121147 55,319 57,308 40166
Differential Enthalpy 88283 43329 69019 106328 54,822 50,925 40527
Two position bypass
model based 86537 43257 68957 10630( 54,691 50,8864 39847
Optimal position
bypass model based 86141 43228 68920 106294 54,688 50,864 39642

Percentage error between the values obtained from EnergyPlus emdaBd House

(2009) simulations are calculated. The percentage error is thdiolevased on Seem

and House results.
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% error = (EnergyPlus results — Seem and House results)/ Seem and Hsulse Re

Table 5.5 shows the percentage deviation for cooling coil energy.

Table 5.5: Percentage error between EnergyPlus and Seem and House (2009)
simulation resultsfor cooling cail energy

Error in Cumulative cooling coil energy(%)
Economizer Strategy Phoenix| Chicago | Charlotte| Houston | Los Angeles| New York | Albuguerque
No Economizer 1.42 1.93 1.66 0.68 0.50 1.36 2.55
Differential Dry Bulb | 1.15 2.31 2.06 0.64 3.24 0.67 2.09
Differential Enthalpy| 0.57 2.01 1.83 0.65 3.15 0.72 1.59
Two position bypass| 1.26 2.07 1.86 0.69 3.25 0.80 2.87
model based
Optimal position 1.69 2.15 1.92 0.70 3.26 0.85 3.41
bypass model based

The percentage error ranges from is 0.5% to 3.41%.

Similarly, the annual peak cooling coil loads are also compdigle 5.6 shows the

peak cooling coil loads obtained for seven cities with seven economizerisgateg

Table5.6: EnergyPlusresultsfor annual peak cooling coil loads

EnergyPlus Results Peak Load (KJ/kg)
Economizer strategy | Phoenix| Chicago| Charlotte | Houston| Los Angeles| New York | Albuquerque
No economizer 21.34 22.84 22.42 22.90 18.20 21.90 7.421
Differential dry bulb 34.28 35.49 37.18 38.42 25.51 36.78 19.09
Differential enthalpy 28.37 22.84 22.42 22.90 18.51 21.90 24.48
Two position bypass
model based 21.34 22.84 22.47 22.90 18.98 21.90 4217.
Optimal position
bypass model based 21.34 22.84 22.42 22/90 18.87 9021 17.42
Two position detailed
model based 21.34 22.84 22.4% 22.90 18.98 21.90 4217.
Optimal position
detailed model based 21.34 22.84 22.42 22.90 18.98 21.90 17.42

Excluding the no economizer case, model based strategieshgitewest annual peak

loads of all the other economizer strategies. Temperature basedl gives the highest

annual peak loads except for Albuguerque. Seem and House resultsufal peak loads

are shown in Table 5.7.
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Table5.7: Seem and House resultsfor annual peak cooling coil loads

MATLAB Results Peak Load (KJ/kg)

Economizer strategy] Phoenix| Chicago| Charlotte | Houston | Los Angeles| New York | Albuquerque
No economizer 21.23 22.54 22.14 22.81 18.21 21.9 AT
Differential dry bulb 33.66 35.15 37.01 39.08 25.31 37.01 19.45
Differential enthalpy 29.01 22.54 22.14 22.81 18.7 21.9 25.1
Two position bypass
model based 21.23 22.54 22.14 22.811 19.19 21.9 217.9

Optimal position

bypass model based 21.23 22.54 22.14 22.81 19.19 9 21 17.92

The percentage error deviation in annual peak loads predicted usingyBEnesr and

Seem and House results range from -2.8% to 1.8%. Figure 5.17 and &it8rshows

the comparison for cumulative cooling coil energy and annual peakngololads

respectively for EnergyPlus and Seem and House (2009) resultsn&éhgyElus results

are presented on y-axis and the Seem and House (2009) results are shown on x-axis.
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Figure5.17: Comparison of annual cooling coil energy
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Figure 5.18: Comparison for annual peak cooling coil load

5.2.2 Comparison of coil models

The bypass coil model results were obtained for bypass fattfrl5. For the best

estimation of bypass factor that could be used to replicateshksrebtained by detailed

coil model, an EES model was developed. The EES model uses the cooling loads and coll

conditions obtained from detailed coil model in EnergyPlus to estithati®ad using the

bypass coil model. The model minimizes the squared sum of diffetegteeeen the

estimated bypass coil load and actual detailed coil load gfitt bypass factor. A data

set of 30 different conditions was picked from outputs obtained fromietktnil model
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simulation based on wet, partially wet and dry coil. A bypagerfadt 0.016 was fitted to
according to the EES model. When the annual simulation were perfoaged with the
fitted bypass factor for bypass coil model based economizdegies, it was observed
that the total cooling coil energy predicted by a bypass oailraller in EnergyPlus is
within 1% of that predicted by a detailed coil controller. Moreover ,annual peak loads
calculated by bypass model and detailed model based stradegieémost always the
same. Thus, if using a model based economizer strategy for dasop&ol for
implementation, the detailed coil controlled model could be eagifaced by bypass
coil controlled model. The bypass coil model is easier to implesrahtwould provide
approximately the same savings that could be realized by detaged coil model based
controls.

To investigate the modeling error due to the change in bypass &ctulations were
also performed using bypass factors ranging from 0.05 to 0.25 iemeats of 0.05.
Although it was observed that as the bypass factor increasedumfiger of hours in a
year for 100% outside air flow also increased as shown in Figure thd ®ffect on
annual cooling coil energy was small. It was observed that the annual cooliagergiy
predicted by using these bypass factors are within 1% of eachastisthown in Table
5.8.

Table 5.8: Comparison of cooling coil energy on changing bypassfactor for Chicago

Bypass factor Total cooling coil energy (MWh)
0.05 2568
0.1 2569
0.15 2570
0.2 2571
0.25 2573
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Figure 5.19: Number of hoursin ayear for fully open damper for Chicago

As the coil bypass factor increases, the leaving air dry mripérature of the coil
decreases and the leaving air humidity ratio of the wet coredses as well. For a dry
coil, the leaving air dry bulb temperature decreases as tlas®yactor increases while
the humidity ratio remains constant. When the bypass factor icotiteol model differs

from the system cooling coil bypass factor, the control point akdilby the bypass
factor model can fall into one control region of the psychrometrict;chad the actual

system operating point can fall into another region. This efseshown in Figure 5.20.
Point P represents the return air conditions. The *actual point’'semsethe cooling coll
leaving air conditions, and the ‘control point’ represents the leavingaditions

calculated by bypass coil model in the controller. (Refeurféid.1 for explanation of

control regions on psychrometric chart)
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Figure5.20: Effect of bypass factor on control decision

The key point is that for controller model bypass factors gréfaser system coil bypass

factor, the effect will always be to open the damper when it stimutdosed. One of the

examples of that sort is given in Table 5.9. For controller modedsy/factors less than

the system coil bypass factor, the effect will alwaystdbelose the damper when it

should be open. Therefore, the bypass factor should be conservativalgtedt but in

any case the impact on annual energy is small as long astiimated bypass factor is

reasonable.

Table5.9: Differencein control decision dueto changein bypassfactor

Bypass factor = 0.15

Bypass factor = 0.25

OA Temp C) 18.55 18.55
OA Relative humidity (%) 87.5 87.5
RA Temp C) 22.97 22.97
RA Relative humidity (%) 50.8 50.8
Damper control position 0.2 1.0
Cooling load on coil (kW) 1237 1387
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5.2.3 Analysis of results

The percentage deviation in estimated cooling coil energy and areakalgads between
EnergyPlus and Seem and House (2009) results are already merdgarhed Model
based strategies gave the least annual peak loads and hawntalpti save cooling
energy. The differences in estimated load and cooling energysv@ug8eem and House
results and EnergyPlus results may be due to following reasons:

1. Seem and House (2009) simulation results are obtained using the bgphisg
coil model based on contact mixture analogy for load and energyataoubver
the coil. The coil is either considered dry or fully wet for Isgaooling coil
model. EnergyPlus uses a detailed coil model to predict the tmilhg load on
the coil and thus the total cooling coil energy. This leads tordifée in the
values calculated for load and energy by Seem and House (2009)tseimalzd
EnergyPlus simulation results.

2. The zone time step in EnergyPlus and Seem and House (2009) simidabne
hour. However, time steps could be reduced in EnergyPlus to systenstips
for convergence (as less as 1 minute). The load on the cooling caihexbts
multiplied with the time step period to obtain the cooling coil eyneiy
EnergyPlus. Since the output is hourly, the cooling coil energummed up for
the hour in joules. The comparison of energy is based on KJ/kg , thosdliey
coil energy obtained in Joules from EnergyPlus is divided by Hss rflow rate
of air, an hour time step in seconds(3600) and 1000 to convert it in KItkyg of
air. This may not be representative of the whole year simulamnonthus may

cause difference.
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3. As pointed out earlier, the annual cooling coil energy in joulesvidati by mass
flow rate of air for unit conversion. The air mass flow ratedus the averaged
mass flow rate of year. It does not represent the air flosvfaatthe whole year.
The mass flow rate of air changes with density which dependsngretature.
There may not be a large difference in the flow rates but coabiéeenough to
explain the difference.

4. The Seem and House (2009) simulation results are obtained at atmospheri
pressure all year round. EnergyPlus however, uses the pressured@broair
obtained from the weather files. This causes a noticeable butgmificant
difference in calculating the enthalpies of outdoor air and re#&irn The
difference becomes more relevant when outdoor and return air ppathalre
close to each other.

However, stating that optimal position based control strategy wouéd st results in
most of the cases and thus should be used with economizers would beatupgem
statement. It is important to realize that in realisticdind management systems, the
sensors measuring the temperature and relative humidity aveiadsd with sensor
errors. It thus becomes important to see the effects of senmsos on control decisions
made by various economizer strategies. The following sectiodedicated to study
modeling strategies again with imperfect sensors.

5.3 Verification with Sensor errors

For this investigation it was necessary to verify the modelirategies with sensor
errors. Temperature and relative humidity sensor errors emrsidered. Twenty eight

different types of error combinations were chosen on outside and egtwonditions for
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modeling. The errors were selected to replicate the rempgtesented by Seem and
House (2009). The range of dry bulb error wasC2to +2°C; the range of relative
humidity error was -10% to +10%. Three cities were modeled wxth économizer
strategies with these sensor errors. The system is samshoavn in Figure 5.1. The
results obtained through simulation in EnergyPlus are comparedheitiesults obtained
from Seem and House (2009). It was found that EnergyPlus resultsifoulative
cooling coil energy and peak cooling coil loads agree to within +58épXor 2 results
out of 840 total results obtained. The annual peak cooling coil loa@sfaward to differ
by more than 5% for two cases in phoenix with differential enghatmtrol. It was
observed that the models produced different control decisions when outdeothaipy
was very close to return air enthalpy. Although the models predretarly the same
return air conditions, they fell into different control region on thgcpsometric chart
(Figure 1.2).

The following chapter now discusses and describes the buildings cloogesrdmetric
study. The simulation is done with floating return air conditions avd® system is

equipped with variable air volume systems.
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CHAPTER 6

6. Parametric study

Model evaluation and verification of EnergyPlus simulation resulth@fconventional

and the model based economizer strategies have given confidepedorm a detailed
study with these economizer strategies. This chapter focusesabyring the annual
cooling coil energy usage and annual peak loads obtained for diflecenbmizer

strategies across fifteen different cities in US. THeedn cities represent different
climatic zones in USA. Table 6.1 shows different cities withrthespective climatic

zones.

Table6.1: Citiesrepresenting different climatic zones

Climate Zone Description City
1A Very Hot - Humid Miami, FL
2A Hot - Humid Houston, TX
2B Hot - Dry Phoenix, AZ
3A Warm - Humid Charlotte, NC
3B Warm - Dry Los Angeles, CA
3C Warm - Marine San Francisco, CA
4A Mixed - Humid New York, NY
4B Mixed - Dry Albuquerque, NM
4C Mixed - Marine Seattle, WA
5A Cool - Humid Chicago, IL
5B Cool - Dry Denver, CO
6A Cold - Humid Minneapolis, MN
6B Cold - Dry Cheyenne, WY
7A Very Cold - Humid Phillips, WI
7B Very Cold - Dry Jackson, WY

Three different buildings are chosen for the detailed study. The ruysldiepresent a

large office, large hotel and large hospital. Annual EnergyPiaslations are performed
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using conventional and detailed coil model based economizer strategissntrolling
outside air damper position.

For the purpose of parametric testing, EnergyPlus input file¢he three buildings are
obtained from DOE. These input files contains the geometry, constructaterials,
HVAC equipment, non HVAC equipment and various schedules (lighting, ocgupanc
etc) associated with the buildings. The location of building and thathee file
associated with the location are provided separately. Aletdumomizer strategies are
simulated for an annual run through all the buildings for all thetitota The simulation
is set to decide the return air conditions unlike the verificatiors where return air
conditions are fixed to a constant temperature and separai@iatad humidity ratio. It
is understood that return air conditions would vary based on control deaisauies by
different economizer strategies. However, that makes the cmompanore realistic in a
sense considering that one of those strategies would be workinmenuently over the
building system throughout the year. The outputs are obtained hourdyaRcumulative
cooling coil energy consumption and annual peak load are the focusaidlesrResults
are also obtained with sensor errors on temperature and humidity measurimg. senso
6.1 Buildings

The basic building models with system components are described ingcsattions.
The buildings are classified based on their cooling needs.

6.1.1 Office building

The office is a 12 story building with basement. The area of thdibgiis 42757 rh
Each story is a divided into five zones with four perimeter z@mek one core zone.

There is only one outside air controller for the building. The cone of the building is
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comparatively larger than the perimeter zones. Furthermore, thdiniguis divided in
four sections named as basement, bottom, middle and top. The bottwerfirsttfloor,
the middle contains ten floors and the top is the twelfth floor. Therinary loop is a
variable air volume system with reheaters. The heating aml€onnected to gas fired
boilers which provide hot water for heating the air. The occupar®dste determines
the number of people in the building during the day. Constant valuestdéonal heat
gains as lights, electric loads are added depending on their schedule aboperat

The total zone load profile for office buildings is shown in Figure ®lis is obtained

after an annual simulation of the office building in Chicago.

10

x 100000

.

~

Zone Heating Load

Wil

0

R A (111111111

Total Zone Load(W)

Zone Cooling Load

Hour of a year

Figure6.1: Load profilefor an office building in Chicago

It can be seen that the building is heating dominated in earlyatngart of the year and
cooling dominated in the middle. Since this is an office building, dhdd are zero on

holidays when there is no occupancy.
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6.1.2 Hotel building

The hotel is a 6 story building with 179 rooms and a laundry facilite area of the
hotel is 9366 rh The air loop contains variable air volume system with reheaters
different zones. The zones include lobby, rooms, kitchen, laundry, baldioinyg areas
and conference room. Air heating is done using natural gas bogers. Different

internal gains and occupancy schedules are given for every zone.
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Figure6.2: Load profilefor a hotel building in Chicago
The load profile for a hotel building is shown in Figure 6.2. The mglds cooling

dominant and has very less hours in a year when heating is requieskitdhen requires

year round cooling due to internal heat gains throughout the year.
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6.1.3 Hospital building

The hospital is a 5 story building with a basem@hte area of the building is 18697
The zones are classified as basement, emer rooms, operation rooms, intensive c
units, kitchen, dining areas, labs, patient rodishy, office, corridors and nurse rool
There are twoprimary air loops in the building. The primary system igi&ble air
volume system with reheaters. The inal gains include lights, electric loads and
loads. The boilers are gas fired and the coolints get chilled water from a purchas
source which means that cooling coils have capdoityrovide enough coolinto cool

entering air conditions to ci to set point temperature.
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Figure 6.3: Load profilefor a hospital building in Chicago
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In Chicago, the hospital building is entirely cooling dominated as showrigure 6.3.

The kitchen, labs and the rooms with medical equipment that produce a lot of heat require

year round cooling.

The coming chapters discuss the impact on energy savings a&mgh dgy using

economizer strategies in these buildings.
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CHAPTER 7

7. Impact of Economizer Strategies on Annual Cooling Coil Energy

The building types described in chapter 6 are simulated with convendiodaletailed
model based economizer strategies for perfect and impedasbrs. The discussions in
this chapter are based on the savings in cooling coil energyathdte achieved using the
economizer strategies.

7.1 Perfect sensors

Cumulative cooling coil energy over an annual run is plotted forefifteities for
different economizer strategies.

7.1.1 Office building
The results for large office building are shown in Figure 7.1, Figure 7.2, anteHid.

Comparison of Total Annual Cooling Coil Energy
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® No economizer

m Differential dry Bulb

Differential enthalpy

B Two position detailed coil
model based

Cumulative Cooling Coil Energy (MWh)

Optimal position detailed coil
2 model based

Figure 7.1: Comparison of annual cooling coil energy - |
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Figure 7.2: Comparison of annual cooling coil energy - 11
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Figure 7.3: Comparison of annual cooling coil energy - |11

The results are discussed in the following points:
1. All the economizer strategies showed considerable savings oveg

economizer at all under all climatic conditions. However, difféaétémperature
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control predicted higher cooling coil energy in very hot and humid tdsnéhan
no economizer. This is in accordance with the ASHRAE standardgribiaibit
the use of differential dry bulb control strategy under those dbincainditions
(Table 1.2). This is due to the fact that a differential tentpexacontrol would
allow 100% outdoor air if it's lower than return air temperatures Tpe of
decision is not based on enthalpy of the air stream. In hot and huméaded like
of Miami, for most part of the year, the conditions of outdoor aimliezgion C,
D and E (Figure 1.2). While the decision in region C and D would bémam
outdoor air which is same as using no economizer at all. HowevegionrE a
differential temperature control would use 100% outdoor air that woulduend
with more coil load on cooling coil because of more enthalpy. Thighis the
cumulative cooling coil energy for climates which are verydmt humid (1A) is
more for differential dry bulb than for no economizers.

. In cities like Phoenix, Cheyenne, Seattle, Sanfrancisco, Denllmrgéerque and
Jackson which lie under humidity classification of either dry orimeathere is
less than a 1% difference in annual energy obtained by usiheredifial
temperature control over enthalpy based control. The difference imgsanange
from 0.9MWh to 13MWh.

Perfect optimal model based control always gives the leadtcotding coil
energy in all climatic conditions with perfect sensors the tonventional
economizer strategies. The savings, however, are small gafigm 0.75 MWh

to 22.4 MWh.
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4. Differential enthalpy always performs better than differéntiey bulb under
humid conditions. The savings in energy range from 129MWh to 273MWh.
However, it is not possible to make a clear choice betweerwihavhen the
climate is dry. Enthalpy based control yields better ensagings in dry climate
of Los Angeles than temperature based control.

7.1.2 Hotel and Hospital building

The hotel and hospital buildings differ from office buildings in seveeapects. The
office building does not have as high occupancy as hotel and hospitale ata

occupied 24 hours all per day. The HVAC system is continuously inge in the

hotel and hospital buildings to take care of cooling loads at anydidbe day. On the
other hand, the office building has a night and weekend set back sctadalg which

the HVAC system is turned off. As the hotel and hospital building hayle occupancy,
the minimum outside air required is very high compared to theedffidding sometimes
as high as 100% outside air. Thus, the opportunities for energy sdvamgsthe

economizer operation is small. The simulation results witheperéensors for all
economizer strategies for hotel and hospital are shown in Figdreand Figure 7.5

respectively.
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It can be seen that the percentage energy savings that canibhedbtang economizers
in these buildings is less than those obtained for office building. MArimum
percentage energy savings by using an economizer for a hotihgug 21% and 27%
for hospital building in comparison to 60% obtained for an office buildivigre
importantly, these energy savings with economizer strategied beabme less or even
cease to exist for hotel and hospital buildings when sensor ereoroasidered. Thus,
for buildings which have occupancy schedules like that of hotels and dissjiiitis
recommended that a complete analysis of energy savings #&sdowvégh use of
economizer strategies should be done. In the end, it would be just ther it
economics as to whether the controls used for implementing an ecencstriategy
could justify the cost.

It would be unrealistic to assume that practically economizars be coupled with
AHU’s in buildings with perfect sensors. Error in measuremefntsemperature and
relative humidity of outdoor and return air may lead to incorrectrol decisions in
controller. It is therefore important to see the effect of @emsrors on the control
decision. The sensor errors lead to erroneous damper control dewiadm by the
economizer strategy and result in increased coil energy udee following sections the
effect of sensor error is evaluated for the office building case.

7.2 Imperfect Sensors

The first step was to choose realistic sensor errors otiveetaimidity and temperature
measuring sensors. For this purpose, a sensor manufacturer wastbhbspacializes in
making sensors for buildings. Airtest, a building sensor manufachasnvide range of

products including temperature and relative humidity sensors spedidior HVAC
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equipment. Some of the integrated sensors were reviewed whictbbtdweemperature
and relative humidity sensor probes and can be placed in ducts.nfjeeafaiemperature
measured is from -40C to 60°C with 0.1 °C. The relative humidity measuring
accuracy is = 3%. Other sensors found had the range and accuracy close ta.this dat
To obtain the results with extreme possibilities, reverse sigirsewere applied to
outdoor and return air. If a positive error was considered for outdothezira negative
error was considered for return air and vice versa. The s@meesor on both the
conditions may not produce larger differences.

Sensors have been classified in two categories to see tlots effesensor errors on
control decisions made by different control strategies. For the pugdais study, the
sensors with +AC error on temperature measurement and +5% error on relative tyumidi
measurement are termed as well maintained sensors and iHos2% on temperature
measurement and +10% on relative humidity measurement are teamquborly
maintained sensors. The large office was simulated for allivieecbntrol strategies
mentioned above again with four sets of these sensor errors shown in Table 7.1.
The worst scenarios out of the two cases simulated each fomagitained and poorly
maintained sensors are picked to derive some general conclusions.

Table7.1; Sensor errorsused in simulations

Case | Temp sensor error | RH sensor error | OA Sign | RA Sign

I 1°C 5% _ + We.ll .

I 19¢C 5% + ~ Maintained
11 2°C 10% _ + Poorly

1Y 2°C 10% + _ Maintained
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7.2.1 Resultsand findingsfor well maintained sensors

Case | and Il from Table 7.1 were simulated for fifteen cfoeshe large office building.
As mentioned earlier, the errors on temperature and relativeditymiere only used to
make the control decision. After a control decision was madep@ris simulated with
correct values of temperature and humidity. The results for coolaig emergy

consumption are shown in Figure 7.6.
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Figure 7.6: Office building, annual cooling coil energy for well maintained sensors

The findings are represented in following points:
1. Significant energy savings are obtained using an economizer eventh&ith
sensors errors. The exception is very hot and humid climateashiMind hot and
humid climate of Houston. Temperature based economizer strateggtpnadire

cooling coil energy for these two conditions.
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2. On an average differential dry bulb was the least sensitivensmiserrors of all
the economizer strategies. This is due to the fact that &l sthategies depend
on both temperature and relative humidity sensors. The coolingreoil\e lost
due to these types of imperfect sensors ranged from 0.4% to 10% aufolirey
coil energy used with perfect sensors for temperature basedlc@nrthe other
hand, it ranged from 1.4% to 16.8% for other economizer strategies.

3. The results for Miami suggest that using any economizer in ha&rand humid
climates would result in waste of cooling coil energy. HowevesHRAE
standard 90.1(2007) doesn't prohibit the use of any other conventional sirategy
these climates except differential dry bulb control. The coatmgenergy used
when no economizer is used in Miami is 2% lower than the lowedittbieother
four economizer strategies simulated.

4. Enthalpy based control continued to perform better in all the hummdatdi
conditions over temperature based control for well maintained senddrs.
savings in energy for enthalpy control in humid climates ranged #8.3MWh
to 621MWh over differential dry bulb control. However, optimal position model
based control performed only marginally better than differerrahalpy in
humid climates which ranged from savings of 12MWh to 32MWh annually.

5. Differential temperature control performed better for thk dry and marine
climate conditions. The only exception would be Los Angeles wherenalpti
based control predicts cooling coil energy a little bit bettantthat predicted by
temperature based control. However, the difference is only aboutgifroxa of

the energy predicted by optimal based control.
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7.2.2 Resultsand findingsfor poorly maintained sensors

Case lll and Case IV from Table 7.1 are simulated for pooriytaiaed sensors. The

results for annual cooling coil energy are represented in Figure 7.7.

The findings from the results obtained are listed below:
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Figure 7.7: Office building, annual cooling coil energy for poorly maintained sensors

2.

The cooling coil energy is less sensitive to temperature semsons than to
relative humidity sensor errors. This again signifies the leesnsitivity of

differential temperature control to sensor errors. For poorly aiagd sensors,

76



Figure 7.7 shows that no economizers should be used in hot and humig<lima

to save cooling coil energy.
7.3 Discussion of results
The detailed study of economizer strategies with perfecirapérfect sensors provided a
broader understanding of the use of the economizers in real budgatgms. It was
found that modeling sensor errors is an important part of seletttengpest control
strategies for energy savings. It is thus recommended thdifgugimulation programs
should be modified to allow users to specify the sensor error$iRAE 90.1
recommendations for using certain types of economizer skata@gidifferent climatic
divisions only hold true with perfect sensors. However, for impleimgiihese strategies
in real building management systems, one should consider the sensor errors as well
Model based economizer strategies could potentially save adoeofy when used with
perfect sensors. Another advantage is that if proper calibratioensbss is done on a
timely basis and they are expected to be well maintained, noadeld an optimal
position model based control would work well in every climatic conditiawviging
optimal or near optimal performance. However, for poorly maintained sendergialiial
dry bulb control could be used in any climatic conditions with exceptiohobfand
humid climates. It is recommended that ASHRAE guidelines fanguslifferent
economizer strategies in different climatic conditions shoulddssified on the basis of
expected sensor errors.
The study shows that correctly modeling sensor errors is mnpertant than selecting
the best economizer strategy. The next chapter discusses thet iofipeconomizer

selection on design of the equipment.

77



CHAPTER 8

8. Impact of Economizer Selection on Design

The standard design practice for sizing the HVAC system codalaiiginvolves the
calculation of the total zone cooling load and adding it to the atgdnotal outside air
load. The coil is then sized to meet this cumulative load. The datalde air load is
estimated by using the maximum design day temperature ahwiinimum fraction of
outdoor air would be used for the design calculations. The simulatiod beulised in
two different ways to size the coil. Peak annual cooling coil tzadbe used for sizing
from an annual simulation or a peak design day cooling coil load couldebefrasn a
design day simulation. If the outdoor air conditions on the design dagimailar to the
conditions on the peak annual day, one would expect the two simulation oetigrds
to result in similar coil sizes. However, if conditions differ, coil sizesifipd by the two
methods are also expected to differ. It is also possible thaetdeload hour may occur
at an hour where the economizer would call for the outside air toa dpes is especially
true when the peak load is the morning ‘pick up’ load. The coming sedestsibe the
use of simulation results for sizing and the effect of sensorseon sizing the cooling

coil.
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8.1 Overview of simulation based design of cooling cail

The design day conditions used in EnergyPlus are based on ASHRAR desditions
for cooling and heating design day. For example, a 0.4% cooling desigmodéd mean
that there are 0.4% of total hours in the year when the tempeddtautdoor air is more
than the design day maximum temperature. However, the total ow@tid@anditions on
design day may not be representative of the overall conditions of ouiddimmaghout
the year. Thus, if a person is using design day simulationsdeisize the equipment, he
might run into risk of over sizing or under sizing the equipment. Caonsigdgire 8.1
which represents the no economizer cooling coil load on designodayeiv York on

primary y-axis and outside air and return air conditions on secondary y-axis.
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Figure 8.1: Distribution of design day cooling load
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As shown in Figure 8.1, the peak cooling coil load occurs early dthrengay when the
HVAC system picks up the start up load. As the HVAC systeuoffisluring the night,
the return air conditions are allowed to float. The peak load in &igur corresponds to
the return air and outdoor air with maximum relative humiditytfer day. Thus, the
mixed air conditions obtained using no economizer at that hour haggtrest enthalpy
content for the day. Moreover, if differential dry bulb is used thaoesthe return air
temperature is slightly greater than outside air temperatioeedamper is fully open
which again corresponds to maximum enthalpy for mixed air. Bothabesaesults in
highest load on the colil at that hour as shown in Table 8.1. The 8onukperformed
assuming that the sensors are perfect. It can be seehthesystem is sized according
to the peak cooling loads on the design day which does not happen to cuiitlidtee
occurrence of maximum temperature of the design day, the system would be eder siz
One key difference between design day calculation and weathealii@dation is that the
design day calculation is based on ‘steady periodic’ conditionsh@na@nnual simulation
is not. This does not affect the outdoor air load but it does affectotte load. In the
annual simulation, it is not likely to have multiple extreme weattays in succession.
The design day calculation however assumes as many extremendswyscession as
required to reach ‘steady periodic’ conditions. This can resuligmfieantly different

zone load profiles for peak annual day and the design day.
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Table 8.1: Comparison of design day and annual peak cooling coil loadsfor New
York considering perfect sensors

DD Peak Hourly Annual Peak
Economizer strategy Load (kW) Day Hour | Hourly Load (kW) Day Hour
No Economizer 3585.43 21-Jul  7:00 2412.51 2-Aug 005:
Differential dry bulb 3691.98 21-Ju 7:0( 3038.86 8-dul | 10:00
Differential enthalpy 3585.43 21-Jyl  7:00 2412.51 -Aly 15:00
Two position model based 3585.43 21-Jul  7:00 24125 | 2-Aug | 15:00
Optimal position model based 3585.43 21-Jul  7:p0 12281 2-Aug 15:00

If the design day peak load is used to dictate the sizing of ¢baomizer then

considering the annual peak loads for differential dry bulb and othmmoetzer

strategies, the equipment might be over sized by 18% when usfagenifal dry bulb

control or by 48.6% if any other economizer strategies are used.
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As shown in Figure 8.2, the maximum annual peak load for differemfigbwlb occurs

when the temperature of outside air is slightly lower thammedir temperature but the
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outside air humidity is very high. Differential dry bulb allows 100@tside air in such a
case. However, the design day peak load is still greater hieapetak cooling coil load
obtained during annual simulation with temperature based control. Sicoitalitions
were found for peak load hour for enthalpy and model based strategisisown in
Figure 8.3. Enthalpy and model based economizer closed (minimum pogigatgmper
during peak cooling load hour oA%August but the total cooling load on the coil at peak

load hour on this day is less than the total load on the coil on design day peak hour.
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Figure 8.3: Distribution of cooling loads and air conditionson 2 August

Over sizing of equipment would mean that the equipment would mastlgrr part-load
conditions. Thus, the efficiency of system components would decrease.ifAtooling

coil is over sized, it might not run for full period and thus might notgbed for
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providing zone humidity control. This also increases the initial cadin@aintenance cost
for the equipment.

Similarly there exists a possibility of under sizing the pmeént as well. Figure 8.4
shows the peak design day cooling load for no economizer and cooldsydoahe coil

for differential dry bulb on annual peak load day.
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Figure 8.4. Comparison of design day and annual peak cooling coil load

It can be seen that during the three hours highlighted, if MW&GHsystem was sized
based on design day simulation results, the system wouldn’'t be ahketahe cooling
loads. However, the above results are represented considerirgetisats are perfect.
The number of hours where the system would run into risk of under it increase
with sensor errors. In an actual building system, the sensars enight results in bad

control decision that could increase the load on the cooling coil. Thisase could be
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less or more than the difference between maximum desigardhannual peak cooling
coil load obtained assuming perfect sensors. The maximum desigoalayy coil load
is plotted with the annual peak cooling coil loads for perfect and fegiesensors for
New York. As shown in Figure 8.5 and Figure 8.6, an incorrect contradidecivould
increase the loads on the cooling coil for enthalpy based stsatageedifferential dry

bulb economizer strategies respectively.

Cooling coil loads for New York with differential enthalpy control
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Figu-re8.5: Cooling coil loadsfor New York for differential enthalpy and model
based economizer strategies

Total Cooling Coil Load(W)

The cooling coils may or may not be able to meet the coolingrexadrements for the
increased coil load if sized according to design day maximunngololad. There are 26
hours for enthalpy based economizer strategies when the comdidgs more than the
maximum design day load while there are 9 hours like that fopdeature based

economizer strategy if the sensors are poorly maintained. A coonprehensive study
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for all the cities is presented in the next section with pesigdelay coil loads compared

to peak annual loads with and without sensor errors.

Cooling coilload for differential dry bulb strategy
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Figure 8.6: Cooling coil loadsfor New York for differential dry bulb strategy

8.2 Using design day and annual simulation resultsto size the coil

8.2.1 Perfect Sensors

Figure 8.7 shows the comparison for peak cooling coil loads for ddaigand annual
peak loads for no economizer, conventional economizer strategies @ohel based
economizer strategy. The peak loads for different economizetegiga do not
necessarily occur at the same hour of the year. The output obtaigeergyPlus is an
hourly averaged output. There is clearly no single conclusion thdtecdrawn from the

figure.
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Figure 8.7: Peak cooling coil loadswith perfect sensors

The results that can be inferred from Figure 8.7 are:

1. The design day simulation for Miami overestimates the pealkuahnimo
economizer’ and ‘enthalpy based economizer’ strategies by rE20%. That is,
if the coil was sized according to the design day simulation andhtepewith
‘perfect sensors’ according to TMY weather file, the coil wiobé double the
required size. The other humid climates like Houston show the siregailts.
The reason for this is that the maximum design day coolingdbtained is the
‘pick up’ load of the coil. Since the zone is in set-back mode, thenretur

coming from the zone has high humidity and temperature. Although the
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temperature of outdoor air is not the maximum temperature ofiuaing the
design day, it still has considerable high humidity. As the systparates on
minimum outside air, the mixed air obtained has high enthalpy and hymidi
content. As a result of this, the latent load on the colil incremsg$hus the high
cooling coil load.

. Differential dry bulb gives the highest annual peak cooling load inichum
climates, ranging up to 41% more than other economizer strat€yeturther
investigation, it was found that the peak cooling coil loads for effiigal dry
bulb control were obtained when the conditions of outdoor air fell in region E
(Figure 1.2). The outside air is cooler than return air in tly®nebut has a high
relative humidity. A differential dry bulb control in such a case opeasiampers

to allow 100% outside air which is an incorrect control decision.eftering air

in cooling coil thus has high enthalpy which considerably incretigetoad on
the cooling coil. Enthalpy controlled and model based economizéFgas close
the damper in such a case and thus would not have such higher loanslaA si
kind of example is shown in Table 8.2 for New York. The table shows thesva
of temperature, humidity and loads at the peak cooling coil load hour for
differential dry bulb (1§ July, 10:00 a.m.) . The values in the column differential
enthalpy are picked for the same hour of the year. It is evidanhtifferential dry
bulb control makes an incorrect decision by allowing the damper to g
and increasing the cooling coil load. However, at the same hourediiti
enthalpy control and model based controls for that matter closgathper and

reduce the load on cooling coil.
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Table 8.2: Comparison of peak cooling coil loads obtained with differential dry bulb
and differential enthalpy at same hour for New York

Differential dry bulb | Differential enthalpy
Outside air temperature (°C) 235 23.5
Outside air relative humidity (%) 94 94
Outside air enthalpy (KJ/kg) 67.27 67.27
Return air temperature (°C) 23.8 23.9
Return air relative humidity (%) 50.3 50.2
Return air enthalpy (KJ/kg) 47.16 47.15
Damper position Open (1) Closed (0.2)
Cooling coil entering temperature (°C) 23.5 23.79
Cooling colil exiting temperature (°C)| 10.5 10.5
Load on the cooling coil (kW) 3038.8 1797.4

3. The annual peak loads calculated for differential enthalpy and nimded

strategies always agrees with, or nearly agrees with thecowomizer results.

Furthermore, the annual peak hours for these strategies alsaatyréeat for no

economizer as depicted for New York in Table 8.1. This indicagdsr absence

of sensor error, the annual peak hour coincides with the no economikdrquea

condition.

4. If annual simulation results with no economizer are used to sizeaihethen

there is risk of under sizing the coil for almost every citglifferential dry bulb

economizer strategy is used.

If the number of hours where an economizer strategy would make entawontrol

decision is small compared to the total number of hours of systematmm during the
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year, the error in the annual cooling load calculation will be Is(aal illustrated in
chapter 7). However, if this mistake is made on the sizing cétmuld could potentially

be a big problem.

8.2.2 Imperfect Sensors

As shown in chapter 7, increasing sensor errors could increasactreect control
decision which eventually would increase the cooling coil load. @tlyreensor errors

are not accounted for in either standard sizing procedures or saaujations based on
simulation codes. A parametric study of comparison of design day peak cooling Idads an
annual peak cooling loads is done. The results for well maintainedrsexre shown in

Figure 8.8 and those for poorly maintained sensors are shown in Figure 8.9.
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Figure 8.8: Peak cooling coil loads with well maintained sensors
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A designer using annual simulation results to size the equipmault vexpect that a
conservative design would dictate sizing with no economizer. ThHisaause he would
normally expect the peak hour to occur at extreme outdoor air condiffonghese
conditions the outside air damper should be at minimum position which casleewith

no economizer. It was found with simulations done with perfect setisairaising the
design day peak load for sizing could result in over sizing of tHe ldowever, if the

sensors are well maintained, the annual peak loads obtained comdcligeexpected
peak loads. If the coil is sized based on design day peak loadseitigts a risk of under
sizing the coil even with well maintained sensors for any ecarenstrategy used in
cities like Denver, Albuquerque and Los Angeles as shown in Figurd®&d.out of

three economizer strategies would mean the same thing for PhapdixSeattle.
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Moreover, if the sensors are imperfect, sizing the coil based onlgeakaoad obtained
for no economizer would certainly undersize the coil at all plémesny economizer
strategy. Furthermore, if the sensors are poorly maintained, lieerobling coil would
certainly be undersized for any economizer strategy as showmigureR8.9. In such a
case turning the economizer off is the best option.

A designer with a plan to implement any economizer controlsthfer AHU should
consider the effect of sensor errors in sizing calculation. As rshowigure 8.8 and
Figure 8.9, the conservative way of sizing may not be helpful afflaéi cooling coill
system sized like that could run into risk of not meeting the cooiggirements during
some hours of the year.

8.3 Recommendations

A designer should carefully investigate the weather fileaftwcation if using design day
maximum load for sizing the equipment as the design day conditi@ys not be
representative of conditions for the year. The designer should usenii@tions tools to
identify the annual peak cooling loads in addition to maximum desigrcaiaing coll
loads. Simulation tools should be modified to account for user defined sEnsE. A
designer could use such a tool to determine the effect of sensoperthe cooling coil
loads in a year and can use the data to design the equipment for efficient use.
Considering that the best performance achievable for the econ@mategies would be
with well maintained sensors, it is recommended that desigpetyload could be used
for sizing for all the humid climates. The exceptions being IGttarand Minneapolis
where differential dry bulb strategy would have unmet cooling load hdurs

implemented. However, the coils for Houston and Miami would beastdl sized by
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almost 40% using design day peak load for well maintained sensmsetiommended
that design day peak loads should not be used for sizing for dry and roamaéc

conditions. Moreover, if the sensors are poorly maintained, design dajopela should
never be used for sizing the coil. The exceptions in this cgam are Miami and

Houston which would have almost a perfect coil size for all economizer strategies
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CHAPTER 9

9. Conclusions and Recommendations

The purpose of this research was to identify a better contadégyr for economizer that
could work fine irrespective of any climatic conditions and give nsaxeéngs in terms of
cooling coil energy use. A modeling strategy that uses miniiizaf total cooling coil
load was developed for damper control at outside air and return eir intensive
simulations were performed by developing the code in EnergyPlussifiogations were
performed over three benchmark building type file obtained from DOBsitee
Evaluation and verification of the conventional strategies and new mgdsdliategies
was done with results obtained from Seem and House (2009). Imypsserisufr errors on
decision making ability of the economizer strategies was aigbesl. The parametric
study was performed over these three files to determine coctihgenergy use and
annual peak cooling coil loads. Impact of economizer selection on thagooll energy
and design of the equipment is also discussed. The important conclbaget on the
results obtained and recommendations for using these economizeriesrébegaving
cooling energy and designing the system coil are listed in coming sections.
9.1 Conclusions
Important conclusions obtained through the work done are listed below:

1. In office buildings, model based strategies could give optimal or og@mal

performance and save cooling energy given if the sensors drenaiatained.

The only exception is very hot and humid climate of Miami whesiaguno
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economizer is the best option. The savings associated with modéd| diestegy
for perfect and well maintained sensors range from 5% to 60%.

2. If the sensors are poorly maintained then differential dry bulb economizegstra
would provide the most energy savings. The exception to this rale sgagain
the hot and humid climates of Miami and Houston.

3. Incorrectly estimating the bypass factor in the contrefiedel does not introduce
significant error in the annual cooling coil energy estimat®oloag as the bypass
factor is reasonable. The percentage change in cooling energyeaabtwith
change the bypass factor from 0.05 to 0.25 was less than 1%.

4. In buildings like that of a hotel or hospital, which have high occupamd
require more outside air for ventilation purposes, using any econostiaéegy
does not make a large difference in saving any cooling energy .

5. Hoping that the best available sensors that would be used in buildmagement
systems would be well maintained sensors, sizing the coil basddsmgn day
peak load would always undersize the colil for dry and marine ctiroatiditions
for one or more economizer strategies. Moreover, in casehhket Miami and
Houston, there is risk of over sizing the coil by 100% for perfens@rs and
about 40% for well maintained sensors. A conservative approach g $ine
coil using the peak annual load for no economizer would always undémsize
coil regardless of the economizer strategy used.

9.2 Recommendations

Several recommendations can be made for a designer using thatismwode for

evaluating the use of economizer strategy and for the actydérmantation of the
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economizer controls in real building systems. The major recommensiadre listed

below:

1.

It is recommended to use no economizer in very hot and humid clingatas a
Miami as even with well maintained sensors, other economirzategies use
more energy than no economizer strategy.

Proper maintenance and calibration should be done for sensorsedhstall
building systems to realize the energy savings that could benettavith
economizer strategies.

ASHRAE standards should be modified to recommend economizer ssateg
different climates based on quality of sensors used.

It is recommended that a designer should carefully analyzantingal and design
day peak cooling loads to design the equipment. Furthermore, proper
consideration should be given to effect of sensor errors on sizing the equipment.
For total analysis of loads and energy, simulation codes should beiedauif
take into account the effect of sensor errors in a real building managememt syste
The EnergyPlus simulation assigns the entire ‘pick-up’ load to the firstdiap

of operation. If the time step is short, the ‘pick up’ load could be extremely high.
The simulation should be modified to allow the user to select the time period over

which the ‘pick up’ load should be applied.
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